Dihydrodiol dehydrogenases are a family of aldo-keto reductases (AKR1Cs) involved in the metabolism of steroid hormones and xenobiotics. Herein, we have cloned and characterized the proximal promoter region of the human AKR1C1 gene. 
INTRODUCTION
Human dihydrodiol dehydrogenases (AKR1Cs) are a family of cytosolic NADP(H)-dependent oxidoreductases involved in the de novo detoxification of xenobiotics, steroids and polycyclic aromatic hydrocarbons (PAH) (Penning and Byrns, 2009; Jin and Penning, 2007; Burczynski et al., 1999) . Four different isoforms of AKR1C have been cloned and characterized in human liver, viz., i) AKR1C1/DDH1 (20α (3α)-hydroxysteroid dehydrogenase (HSD)), ii) AKR1C2/ DDH2 (Type 3 3α-HSD), iii) AKR1C3/DDH3 (Type 2 3α (17β)-HSD) and iv) AKR1C4/ DDH4 (Type 1 3α-HSD) (Penning et al., 2000) . Of the four isoforms AKR1C1 and AKR1C2 share nearly 98% amino acid sequence homology with a difference of only seven amino acids (Dufort et al., 1996; Lou et al., 2006) . AKR1C1 -AKR1C3 are also expressed in the small intestine, lung, mammary gland and prostate, while the expression of AKR1C4 is restricted to the liver (Jin and Penning, 2007; Ji et al., 2005) . Each of the AKR1C isoforms has a unique substrate specificity and function. Thus, AKR1C1 is involved in inactivation of progesterone to 20α-hydroxyprogesterone, while AKR1C2 breaks down 5α-dihyrotestosterone (5α-DHT) to 3α-androstanediol (3α-diol), AKR1C3 converts 17-ketosteroid to testosterone and AKR1C4 converts 3-ketosteroids to 3α-hydroxysteroids (Penning and Byrns, 2009 ).
Altered expression of AKR1Cs has been observed in a variety of primary human cancers. Overexpression of AKR1C1 in non-small-cell lung cancer (NSCLC) patients has been associated with poor prognosis (Hsu et al., 2001) . Overexpression of AKR1C1 has also been observed in patients with esophageal and breast cancer (Wang et al., 2004; Zhang et al., 2005) . Reports by various authors have indicated increased expression of AKR1C3 in prostate and breast tumors (Stanbrough et al., 2006; Penning et al., 2006; Sasano et al., 2008) . In contrast, reduced expression of AKR1C1 and AKR1C2 has been associated with the development of prostrate and ovarian cancer (Ji et al., 2003 , Ji et al., 2005 . Development of anticancer drug resistance has also been associated with altered expression of the AKR1C isoforms. Thus, increased expression of AKR1C2 was observed in HeLa cervical carcinoma cells resistant to doxorubicin and cisplatin (Lee et al., 2002) . Studies from our laboratory have demonstrated an association between increased expression of AKR1C1 and AKR1C2 (at the mRNA and the protein level) and the development of cisplatin resistance in human ovarian carcinoma cells (Deng et al., 2002) . Further, ectopic expression of full length AKR1C1 cDNA in parental, cisplatin-sensitive human ovarian (2008) , lung (Calu-6, H23), germ cell (Tera-2) and cervical cancer (A431) cells resulted in development of cisplatin-resistance (Deng et al., 2004; Hung et al., 2006) . Also, inherent cisplatin-resistance of the human lung adenocarcinoma (A549) cells was found to be associated with an increased expression of AKR1C1, AKR1C2 and AKR1C3 (Deng et al., 2004) . Moreover, the overexpression of AKR1C1 has also been associated with development of cisplatin-resistance in ovarian cancer patients treated with cisplatin . However, the identity of the transcriptional machinery that controls the basal as well as induced expression of AKR1C1 in human cancer cells (and thus the development of anticancer drug resistance) remains elusive.
A review by Torigie et al., (2005) describes the potential role of various transcription factor(s) involved in the development of cisplatin resistance. Recent observations by Selga et al., (2008) suggest that the transcription factor Sp1 regulates the overexpression of AKR1C1 in HT29 human colon cancer cells resistant to methotrexate. Induction of AKR1C in the HT29 cells treated with ethacrynic acid has also been observed (Ciaccio et al., 1994) . In human HepG2 cells, nuclear factor-erythroid-derived 2-related factor (NRF2) was found to regulate the transcription of AKR1C2 by binding the antioxidant response element (ARE), a cis-acting element, in response to phase II inducers (Lou et al., 2006) . However, transcription factor(s) involved in regulating the transcription of AKR1C3 gene in response to ethacrynic acid (EA) were not identified (Ciaccio et al., 1996) .
Considering the growing evidence of the important role of AKR1C in the development of tumor cells resistance to anticancer drugs, it is important to identify and characterize the factors that control their transcription. In this study, utilizing functional deletion constructs, we have demonstrated that the region between −128 to −88 of the AKR1C1 gene promoter was essential for its basal transcription in human ovarian, lung and liver cancer cells. Importantly, we have demonstrated that the inverted CCAAT box binding transcription factor NF-Y regulates the basal transcription of the human AKR1C1 gene in human ovarian, lung and liver carcinoma cells. We have also demonstrated that NF-Y controls the cisplatin-induced transcription of the AKR1C1 gene in a cell type-dependent manner.
MATERIALS AND METHODS

Cell culture
The human ovarian carcinoma cell lines 2008 and 2008/C13* were grown in RPMI-1640 supplemented with 10% fetal calf serum (HyClone, Waltham, MA) and gentamicin (Lonza, Basel, Switzerland) at a final concentration of 10µg/ml. The lung adenocarcinoma cell lines H23 and A549 were maintained in RPMI-1640/Ham's F12K medium supplemented with 10% fetal calf serum and gentamicin at final concentration of 10µg/ml and the human liver hepatoblastoma cell line HepG2 was maintained in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal calf serum and gentamicin at a final concentration of 10µg/ml. All cells were grown at 37°C in a 5% CO 2 incubator.
Construction of plasmid vector and 5' deletion analysis
The BAC clone RP-379P14 (168053-171109) which contains the 5' flanking sequence of AKR1C1 gene (GeneBank Accession No: AB032150) was utilized for construction of AKR1C1 promoter -luciferase plasmids. PCR fragments generated using Taq polymerase (Roche Diagnostics GmbH, Mannheim, Germany) were cloned into the reporter vector at the KpnI, Nhe I or XhoI polycloning site by incorporating corresponding restriction endonuclease sites in the forward primer and Hind III restriction endonuclease site in the reverse primers. The −2954/+59 bp luciferase promoter which consists of the 2954bp upstream and 59bp downstream of transcription start site (Nishizawa et al., 2000) was cloned in the NheI-HindIII sites of pGL3-basic vector (Promega, Madison, WI) . Similarly, the −2567/+59, −1648/+59 PCR fragments were cloned in the NheI-HindIII polycloning site in pGL3-basic vector. In case of −2301/+59, the DNA fragment was inserted in the XhoI-HindIII site of the luciferase vector. PCR amplified promoter fragments −641/+59, −349/+59, −180/+59, −152/+59, −128/+59, −88/+59 and −49/+59 were cloned in the KpnI-HindIII sites of pGL3-basic vector. The nucleotide sequence of the DNA fragments inserted into the luciferase vector was verified by sequencing.
Transient transfection and Luciferase assay
Cells were seeded in 6-well plates at a density of 8×10 5 cells/well for 2008, 2008/C13* and 5 × 10 5 cells/well for H23, A549 and HepG2 24h before transfection. Transfection was accomplished with Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA) using the manufacturer's protocol. In each experiment, 2µg of the pGL3 basic reporter plasmid (without the 2954bp insert, empty vector) or the effector plasmid (the 2954bp insert or the sequentially deleted PCR fragments of human AKR1C1 promoter region) was transfected along with 0.25-0.5µg of pRL-SV40 (Renilla luciferase, Promega, Madison, WI) as an internal standard. Following incubation with the DNA complex for 4h (H23, A549, HepG2) and 24h (2008, 2008 / C13*), cells were washed and incubated in fresh growth medium for an additional 44 and 24 hours, respectively. The pGL3-basic vector and pGL3-control vector (Promega, Madison, WI) were used as negative and positive controls, respectively.
In experiments designed to directly assess the role of NF-Y in regulating the transcription of AKR1C1 gene promoter, we utilized NF-YA, NF-YB, NF-YC cDNA expression vectors (Δ4YA-13, Δ4YB and Δ4YC) or the NF-YA dominant-negative expression vector (Δ4YAm29, obtained from Dr. Robert Mantovani, University of Milan, Italy, Mantovani et al., 1994) . The human ovarian carcinoma cell lines (2008, and 2008/C13*) were seeded at a density of 5×10 5 cells/well, while human lung adenocarcinoma (H23 and A549) and liver hepatoblastoma cell line (HepG2) were seeded at a density of 3×10 5 cells/well 24h before transfection. Initially, 2µg of the dominant-negative NF-YA construct Δ4YAm29 or the wild type NF-YA, -YB and -YC constructs was transfected into the cells using Lipofectamine 2000 according to the manufactures instruction. After 24h, cells were co-transfected wit 2µg of pAKR1C1 −180/+59 and 125ng of pRL-SV40 as internal control.
To assess the effects of cisplatin exposure on the AKR1C1 promoter activity, cells were treated with 10µM concentrations of cisplatin (Sigma, St. Louis, MO) during the final 16-18h of incubation. Thus, 48 hours (in basal and cisplatin inducted promoter activity studies) posttransfection, cells were washed with 1x phosphate-buffered saline (PBS) and lysed in 250µl/ well of 1x passive lysis buffer (Promega, Madison, WI). Luciferase activity was assayed using 20µl of the cell supernatant and the Dual-luciferase reporter plasmid system (Promega, Madison, WI) with a Turner single tube luminometer Model 20/20. Luciferase activities were normalized against Renilla luciferase (internal standard pRL-SV40) activity to determine the relative luciferase activity and the fold activation. Cells transfected with the pGL3 basic vector and treated with cisplatin were considered as negative control for cisplatin induction studies.
NF-Y overexpression, NF-YA knockdown (by siRNA) and AKR1C1 expression analysis
To asses the effect of overexpression of NF-Y in regulating the AKR1C1 mRNA expression levels, 2008 (human ovarian carcinoma cells) were transiently transfected with 1µg of NF-YA, -YB and -YC cDNA expression vector or pCMV vector as negative control using lipofectamine 2000. After 24h, RNA was isolated from cells using Trizol (Invitrogen, CA) as described by the manufacturer.
Alternatively, the 2008 cells were transiently transfected with 500 picomoles of human NF-YA siRNA (siGENOME smart pool, Dharamacon, IL) or the control si-RNA (siGENOME Non-targeting siRNA pool#1, Dharamacon, IL). Transfection was performed utilizing siPORT NeoFX transfection reagent (Ambion, CA). RNA was isolated 24h after transfection using Trizol reagent (Invitrogen, CA) as instructed by the manufacturer.
One microgram of the RNA was used in the reverse transcription reaction along with 4 units of Omniscript reverse transcriptase (Qiagen, CA), 1µM oligo-dT primer (Applied Bio-systems, CA), 0.5mM dNTP (Roche), 10 units of RNase inhibitor (Applied Biosystems, CA) and 1x RT buffer (Qiagen, CA). Reverse transcription was performed at 37°C for 1h with a final incubation at 93°C for 5 min for inactivation of reverse transcriptase. Two microliters of the RT-product was used in the real-time PCR reaction. The Quantitect SYBR green PCR kit (Qiagen, CA) was utilized and PCR was performed according to manufactures instructions using the Realplex Eppendorf master cycler (Hamburg, Germany). Each PCR reaction consisted of 50% (v/v) of 2x SYBR green master mix, 4mM MgCl 2 , and 0.2µM gene-specific forward and reverse primers ( Table 2) . Quantification of glyceraldehyde-6-phosphate dehydrogenase was used to normalize the relative expression levels of AKR1C1 mRNA under different treatment conditions. Each experiment was performed in duplicates and repeated at least twice.
Computational analysis of AKR1C1 promoter
Potential transcription factor(s) binding sites within the AKR1C1 gene promoter were screened using the ALIBABA 2.0 program (www.gene-regulation.com). The program searches putative transcription binding sites against the TRANSFAC database.
Site-directed mutagenesis
The −180/+59 AKR1C1 promoter fragment was used to generate mutant clones of AKR1C1 promoter. The Quickchange lightning site-directed mutagenesis kit (Stratagene, La Jolla, CA) was utilized to generate mutants Mut1 pAKR1C1-180/+59, Mut2 pAKR1C1-180/+59 and Mut3 pAKR1C1-180/+59. Primers for introduction of point mutation were designed as instructed by the manufacturer. The nucleotide sequence of the mutated clones was verified by sequencing. The promoter activity of the mutated clones was assayed by transient transfection and luciferase assay as detailed in section 2.3.
Preparation of nuclear extracts
Nuclear extracts were prepared according to a method described by Suzuki et al., (1992) with some modifications. Cells were seeded at a density of 3×10 6 (2008 and 2008/C13* cells) or 4×10 6 (H23, A549 and HepG2 cells) in 100mm culture dishes 24h before extraction. Trypsinized cells were washed with ice-cold 1X PBS and centrifuged at 268 × g for 10 minutes. The cells were resuspended in 400µl of buffer containing 10mM HEPES, pH 7.8; 10mM KCl; 2mM MgCl 2 ; 1mM DDT and Protease inhibitor cocktail (1:20 v/v) with 50µl of 1% NP-40, vortexed for 15s and then centrifuged at 11337 × g for 30s. The resulting cell pellet was washed with 400µl of buffer containing 10mM HEPES, pH 7.8; 10mM KCl; 2mM MgCl 2 ; 1mM DDT and resuspended in 75µl of buffer containing 50mM HEPES, pH 7.8; 50mM KCl; 300mM NaCl; 0.1mM EDTA; 1mM DTT; 10% glycerol and Protease inhibitor cocktail (1:20 v/v) and rotated at room temperature (RT) for 20 min. The nuclear extract (supernatant) was recovered by a final centrifugation at 11337 × g for 2 min, and the protein concentration was determined by the Bradford's colorimetric reagent (Bio-Rad, Hercules, CA) with bovine serum albumin (BSA) as the standard.
Electrophoretic Mobility Shift Assays (EMSAs)
The wild-type and mutant probe were synthesized as double-stranded oligonucleotide (Integrated DNA Technology) from the −120 to −91 region of the AKR1C1 gene. Consensus oligonucleotide for CBF/NF-Y (CCAAT binding factor/Nuclear factor-Y), Sp1, C/EBP (CCAAT/enhancer binding protein) and NF-1 (CCAAT Transcription factor) were synthesized based on the sequence data from Santa Cruz Biotechnology (Santa Cruz, CA). The sequences of the probes utilized were; WT-5'-CTCTCACATGCCATT GGTTAACCAGCAGACT-3'; Mutant-5'-CTCTCACATGCCTTCAGTTAACCAGC AGACT −3', (mutated bases shown as bold and underlined); CBF/NF-Y-5'-AGACCGTACGTGATTGGTTAATCTCTT-3'; Sp1-5'-ATTCGATCGGGGCGGGGC GAGC-3'; C/EBP-5'-TGCAGATTGCGCAATC TGCA-3'; NF-1-5'-TTTTGGATTGA AGCCAATATGATAA-3'. All the probes were labeled with biotin using the Biotin 3'-end DNA labeling kit (Pierce Chemical, Rockford, IL) according to the manufacturer's instruction. Eight micrograms of the nuclear extract was utilized for the binding reactions. The EMSA binding reactions were performed at room temperature for 30 min and consisted of the nuclear extract in 1x binding buffer (50% glycerol, 100mM MgCl 2 , 1µg/µl Poly (dI-dC), 1% NP-40, 1M KCl, 200mM EDTA and 50 pmol DNA probe). The mixture was fractionated on 8% nondenaturing polyacrylamide gels in 0.5X Tris borate-EDTA buffer at 170V. The protein-DNA complex was then transferred to Hybond-N + nylon membrane using the Trans-Blot semi-dry method (Bio-Rad, Hercules, CA) and crosslinked using Spectrolinker XL-1000 UV crosslinker (Spectronics Corporation, Westbury, NY). Detection of biotin labeled DNA was performed using the LightShift chemiluminescent EMSA kit (Pierce Chemicals, Rockford, IL) and visualized by exposure to a charge-couple device camera (Fujifilm LAS 3000, Tokyo, Japan).
In competition EMSA, 100-fold molar excess of the cold, mutant or consensus oligonucleotides were added to the EMSA binding reaction. For the gel-supershift assay, following the incubation of the nuclear extracts with the 30bp WT AKR1C1 promoter fragment for 30 min, 2µg of NF-YA polyclonal antibody, 2µg of NF-YB polyclonal antibody and/or the three polyclonal antibodies (anti-NF-YA, -NF-YB and -NF-YC) (Santa Cruz Biotechnology, Santa Cruz, CA) were added to the binding reaction and the mixture incubated at RT for an additional 1h. The rabbit pre-immune IgG (Santa Cruz Biotechnology, Santa Cruz, CA) was utilized as negative control in the supershift assay. The mixture was fractionated on a 5% nondenaturing polyacrylamide gel. Transfer and detection was performed as described above.
Chromatin Immunoprecipitation Assay (ChIP)
In order to analyze the in vivo association of NF-Y with the AKR1C1 gene promoter, chromatin immunoprecipitation analysis was performed. 1-2×10 7 cells of human ovarian, lung or liver carcinoma cells were treated with 1% formaldehyde (final concentration, v/v) for 30 mins at 37°C to cross-link proteins to DNA. After cross-linking the cells were washed twice with 1X ice cold PBS containing protease inhibitor cocktail (Sigma, MO). The cells were scrapped from tissue culture plates and centrifuged at 700 × g for 2 min, resuspended in 1mL of SDS-lysis buffer with protease inhibitor cocktail. The cells were then sonicated (Sonifier Cell disruptor 350, Branson Sonic Power Co, MA) at 30% of maximum power, 3 times for 15s each, with a 30s cooling interval. The cell lysate was centrifuged at 10,000 × g for 10 min at 4°C and the supernatant further diluted 10-folds in the ChIP dilution buffer containing 0.01% SDS, 1.1% Triton X-100, 1.2mM EDTA, 16.7mM Tris-HCl (pH 8.1), 167mM NaCl, and protease inhibitor cocktail. 25µl of the diluted DNA fraction was kept aside as input for PCR. The remaining DNA fraction was precleared using 75µl of protein G agarose beads (50% slurry) for 2h at 4°C
. Immunoprecipitation was performed by adding 10µg of NF-YA, NF-YB, NF-YC or normal rabbit IgG as negative control. The immunocomplex was precipitated by incubation with 60µl of protein A sepharose beads for 2h at 4°C. The protein/DNA complex was eluted using 200µl of elution buffer (1% SDS, 0.1M NaHCO 3 ) from the beads. Cross-linking of protein-DNA was reversed by incubation at 65°C overnight. The DNA was purified using spin columns and 2µl of the DNA was used in the PCR reaction for amplification of 187bp (−128/+59) or 629bp (−2954/-2325) of the AKR1C1 promoter region (see Fig 5A) . PCR reactions were performed utilizing the sense and antisense primers (5'-CTGTCCCTCCTCTCACAT-3'; 5'-CAAGCCGACCAGTATGAT-3') for region −128/+59 harboring the CCAAT transcription factor binding site, while the primers utilized for region −2954/-2325 were (forward-5'-CACCACACTGACTTCCAC A-3'; reverse-5'-CAAGCCGACCAGTATGAT-3'). Taq DNA polymerase (Roche, IN) was used to perform PCR with the following conditions: Initial denaturation for 95°C for 5 minutes followed by 30 cycles of denaturation of 95°C for 15s, annealing at 55.5°C for 30s, extension at 72°C for 30s with a final extension of 72°C for 10 min. The PCR products were fractionated on 1.5% agarose gels and visualized by ethidium bromide staining.
Statistical analysis
Statistical analysis was performed for calculating the significant differences in luciferase activity between constructs and cisplatin treatment by one way randomized analysis of variance (ANOVA) and Newmans-Keuls test with significance level of p<0.05.
RESULTS
Nucleotide sequence of AKR1C1 gene
The AKR1C1 nucleotide gene sequence (GenBank Accession No AB032150) was utilized to construct the 5'-3 kb basal promoter region. Based on the sequence, the first exon region was identified to be present between +1 to +83 nucleotides (Fig. 1A) . The 5' flanking region upstream of the +1 transcriptional start site (TSS) was tentatively considered to harbor the promoter for transcriptional regulation of AKR1C1 gene.
Characterization of human AKR1C1 proximal promoter
To determine the transcriptional elements in the 5'-flanking region of human AKR1C1 promoter, a series of PCR deletion clones were constructed in a pGL3-basic luciferase vector (Fig.1B) and assayed for promoter activity. Initially all the clones were assayed for promoter activity in the HepG2 cells in comparison with pGL3-basic vector (negative control). The DNA fragments −641/+59 and −1648/+59 showed the highest (11-fold) increase in relative luciferase activity (RLA) ( Table 1 ). As shown in Fig.1B , a deletion construct containing the −128/+59 region displayed a 4-fold increase in activity compared to the pGL3 basic vector in HepG2 cells. Moreover, the pAKR1C1-88/+59 clone showed no activity above background. The activity of the construct containing the −128/+59 region of the AKR1C1 gene was similar to the full length construct pAKR1C1 −2954/+59. These results imply that the clone pAKR1C1 −128/+59 contains the minimal proximal promoter of the human AKR1C1 gene. Clones pAKR1C1 −2954/+59, pAKR1C1-2567/+59, pAKR1C1-2301/+59, pAKR1C1-349/+59, pAKR1C1 −180/+59 and pAKR1C1 −152/+59 showed luciferase activity comparable to the pAKR1C1 −128/+59 clone (Table 1) .
To assess the AKR1C1 gene transcription in 2008, 2008/C13*, H23 and A549 cells, promoter constructs harboring DNA fragments −88/+59, −128/+59, −180/+59, −641/+59 and −2954/ +59 of the AKR1C1 gene were utilized (Fig 1B) . A 3-to 10-fold increases in relative luciferase activity (RLA) was observed in 2008 and 2008/C13* cells (Table 1) while 8-to 19-fold increase in RLA was observed in H23 and A549 cells (Table 1) containing the pAKR1C1 −128/+59 construct compared to pAKR1C1 −88/+59 whose activity was same as the negative control (pGL3 Basic). The luciferase activity of all the tested clones was similar to the pAKR1C1 −128/+59 construct. These results identify the −128 to −88 region as the minimal proximal promoter region sufficient and essential for the transcription of the human AKR1C1 gene in human ovarian, lung and liver carcinoma cells.
Identification of potential transcription factor(s) binding sites
The proximal promoter region (−128 to −88) of the AKR1C1 gene was analyzed for potential transcription factor(s) binding sites using the ALIBABA 2.0 software (www.gene-regulation.com). A tandem of transcription factor(s) binding sites for Sp1, NF-Y (Nuclear factor-Y), C/EBP (CCAAT enhancer binding protein), p40X and USF (Upstream stimulating factor) were identified within this region of −128 to −88 of the AKR1C1 gene (Fig.  1) . Sequences of transcription factor(s) binding sites are provided in Fig. 2A .
Screening of specific transcription factor(s) by site-directed mutagenesis
Results from the 5' deletion analysis and computational screening identified potential binding sites for Sp1, NF-Y, C/EBP, p40X and USF transcription factor in the region between −128 to −88 of the AKR1C1 gene (the basal proximal promoter region). Utilizing PCR based sitedirected mutagenesis, point mutations were introduced within the transcription factor(s) binding site(s) (Fig. 2A) . Thus, the tandem transcription factor binding site for NF-Y and C/ EBP in pAKR1C1-180/+59 clone was mutated to generate the construct Mut1 pAKR1C1 −180/+59 using the forward and reverse primers 5'-GTCCCTCCTCTCACATGCCTTCAGTTAACCAGCAGACAGTGT-3'; 5'-ACACTG TCTGCTGGTTAACTGAAGGCATGTGAGAGGAGGGAC. Similarly, the tandem transcription factor binding site for p40X and USF was mutated using the forward and reverser primers 5'-ACATGCCATTGGTTAACCTACAGACAGTGTGCTCAGGG-3'; 5'-CCCTGAGCACACTGTCTGTAGGTTAACCAATGGCATGT-3' to generate the Mut2 pAKR1C1 −180/+59 construct, while the binding site for Sp1 in pAKR1C1 −180/+59 were mutated using 5'-TCACAGCTTGTGTAAGACTGCCTCTGTTTTTCCT CTCACATGCC-3' forward and 5'-GGCATGTGAGAGGAAAAACAGAGGCAGTCT TACACAAGCTGTGA-3' reverse primers to generate the construct, Mut3 pAKR1C1 −180/ +59, respectively. Transfection of the Mut1 pAKR1C1 −180/+59 construct displayed a 12-fold reduced activity in the 2008 cells and a 4-fold reduction in activity in the 2008/C13* cells compared to the wild-type pAKR1C1 −180/+59 construct ( Fig. 2B and C) . In contrast, the mutation in the p40X and USF binding site (Mut2 pAKR1C1 −180/+50 construct) did not affect the basal luciferase activity in the 2008 or the 2008/C13* cells (ovarian carcinoma) compared to the wild-type construct pAKR1C1 −180/+59 (Fig. 2B and C) Similarly, mutation in the Sp1 binding site (Mut3 pAKR1C1 −180/+59) did not affect the transcription of the AKR1C1 gene promoter in the 2008 cells (Fig. 2B) . Moreover, the activity of the Mut1 pAKR1C1 −180/+59 construct was also reduced by 6-fold in the H23 and A549 cells (lung adenocarcinoma) and 4-fold in the HepG2 cells (liver hepatoblastoma), compared to the activity of the wild-type pAKR1C1 −180/+59 construct. (Fig. 2D , E and F) respectively. In contrast, the activity of the Mut2 pAKR1C1 −180/+59 construct and the Mut3 pAKR1C1 −180/ +59 construct in these cells was similar to the activity observed with the wild-type pAKR1C1 −180/+59 construct. (Fig. 2D, E and F) . These results suggest that the tandem transcription factor(s) binding site for NF-Y/CEBP but not p40X, USF or Sp1 is critical for the basal, constitutive transcription of AKR1C1 gene in human ovarian, lung and liver cancer cells.
Binding of transcription factor(s) to AKR1C1 minimal proximal promoter
Based on the observations from the site-directed mutagenesis study, a wild-type (WT) probe (containing the binding sites for NF-Y and C/EBP as well as p40X, USF and Sp1) from −131 to −81 of the AKR1C1 gene promoter region was synthesized. Consensus oligonucleotide probes for Sp1, NF-Y, C/EBP and NF-1 were also synthesized. Preliminary EMSA study utilizing nuclear extracts from HepG2 cells displayed the presence of 3 protein-DNA complexes (unpublished observations). Competition with 100-fold molar excess of CBF/NF-Y consensus oligonucleotide inhibited the formation of the 2 slower migrating protein-DNA complexes observed with the wild-type (WT) probe. In contrast, 100-fold molar excess of the Sp1 consensus oligonucleotide inhibited the formation of the fastest moving protein-DNA complexes (unpublished observation). Since mutation of the Sp1 binding site (Mut3 pAKR1C1 −180/+59) did not affect the basal activity in any of the cell lines studied, we synthesized a 30bp WT probe (−120 to −91) from the AKR1C1 gene promoter region devoid of the Sp1 binding site and containing the NF-Y/CEBP binding sites (Fig. 3) . EMSA analysis with this probe in the presence of nuclear extracts from human ovarian, lung and liver cancer cells led to the formation of 2 protein-DNA complexes (Fig. 3A -E, lane 2) . Competition with 100-fold molar excess of the unlabelled WT probe completely abolished the formation of the observed protein-DNA complex (Fig. 3A -E, lane 7) . Similarly, competition with 100-fold molar excess of NF-Y consensus oligonucleotide resulted in a complete inhibition of the protein-DNA complex formation (Fig. 3A -E, lane 3) , whereas competition with Sp1, C/EBP or NF-1 consensus oligonucleotides did not abolish the protein-DNA complex formed by the WT probe (Fig. 3A -E, respectively, lanes 4 -6) . To further reconcile the EMSA results with the observations of the luciferase study, competition experiments with 100-fold molar excess of the NF-Y/CEBP mutant AKR1C1 promoter fragment probe were also performed. The mutant probe had changes in nucleotide sequence corresponding to those of the Mut1 pAKR1C1 −180/+59 construct; i.e. an altered NF-Y/CEBP binding site. As expected, the mutant probe did not compete with the DNA binding activity of the AKR1C1 WT (−120 to −91) probe (Fig. 3A -E, lane 8) . In addition, the pattern of protein-DNA complexes observed with the labeled NF-Y consensus probe were similar to those observed with the WT probe of the AKR1C1 gene (−120 to −91 region of the AKR1C1 gene) (Fig. 3A -E , compare lane 2 with lane 9). These results indicate that the transcription factor NF-Y, but not CEBP, binds to the −120 to −91 region of the AKR1C1 gene and regulates its transcription in human ovarian, lung and liver cancer cells.
To further corroborate the EMSA observations, gel-supershift analysis was carried out utilizing a polyclonal antibody against the A, B and C subunit of NF-Y (Fig. 4) . As a negative control, rabbit pre-immune IgG was also utilized in the assay (Fig. 4A -E, lane 6) . Addition of the NF-YA, NF-YB or NF-YA+NF-YB+NF-YC, polyclonal antibody to the binding reaction decreased the migration of the protein-DNA complexes, with a concomitant disappearance of the protein-DNA complex I and II observed in the absence of the antibody (Fig. 4A -E , compare lanes 3 -5 with lane 2). In contrast, the rabbit pre-immune IgG did not have any effect on the migration and/or formation of the protein-DNA complexes (Fig. 4A -E, lane 6) . These results confirm that CBF/NF-Y binds to the inverted CCAAT sequence (−105 to −109) in AKR1C1 promoter region and regulates the basal, constitutive transcription of the AKR1C1 gene in human ovarian adenocarcinoma, lung adenocarcinoma and liver hepatoblastoma cells.
In vivo association of NF-Y with AKR1C1 gene promoter through the CCAAT box binding site
To assess the in vivo association of NF-Y to the AKR1C1 gene promoter, ChIP analysis was performed. The cross-linked protein-DNA was immunoprecipitated with antibody against each of the individual NF-Y subunits (NF-YA, -YB or -YC; Fig 5A) and immunoprecipitation with the rabbit pre-immune IgG was utilized as negative control. The amplification of 187bp fragment harboring the CCAAT box in the AKR1C1 gene promoter was clearly seen in immunoprecipitates obtained using antibodies directed towards the NF-YA, -YB or -YC subunits in human ovarian (2008, 2008 /C13*), lung (H23 and A549) and liver carcinoma cells (HepG2) (Fig. 5 C lane 3-5) . To confirm the specificity of ChIP, a set of primers that amplify a 5' flanking region not containing any NF-Y binding sites in the AKR1C1 gene, 2954bp downstream of the ATG start site, was utilized. The 629bp fragment was visible in the input sample obtained from all the cell lines (Fig. 5B, lane 2) while amplification was not seen in DNA obtained with antibody precipitation in any of the cell lines (Fig. 5B, lanes 1, 3-5) . These results clearly demonstrate that the nuclear factor-Y subunits A, B and C associate with AKR1C1 gene promoter, in vivo, in human ovarian, lung and liver carcinoma cells.
NF-Y directly regulates the basal transcription of AKR1C1 gene promoter in human ovarian, lung and liver carcinoma cells
Results from site-directed mutagenesis, EMSA, gel-super shift and ChIP demonstrated the in vitro and in vivo association of NF-Y transcription factor to AKR1C1 gene promoter through the CCAAT pentanucleotide sequence. In order to analyze directly the role of NF-Y in regulating the transcription of AKR1C1 gene, human ovarian, lung and liver carcinoma cells were transiently transfected with NF-YA, B and C cDNA expression vectors along with the AKR1C1 proximal promoter pAKR1C1 −180/+59. Simultaneous expression of NF-YA, -YB and -YC, led to a 5-to 14-fold increase in basal AKR1C1 promoter activity in human ovarian, lung and liver carcinoma cells (Fig. 6A ) compared to cells transfected with empty vector. In contrast, the expression of dominant-negative NF-YA resulted in suppression (1.3-3.3 fold) of AKR1C1 promoter activity in 2008, 2008/C13*, H23, A549 and HepG2 cells (Fig. 6B ).
Ectopic expression of NF-YA, -B and -YC also led to a 2-fold increase in AKR1C1 mRNA levels in 2008 human ovarian carcinoma cells (Fig. 6C ) compared to the pCMV control vector transfected cells. Furthermore, when 2008 cells were transfected with si-RNA directed against NF-YA, a 4-fold decrease in AKR1C1 mRNA expression levels was observed compared to control si-RNA (Fig. 6D) . Effectiveness of si-RNA was confirmed by a 7-fold downregulation of NF-YA in 2008 cells (unpublished observation). Taken together these results confirm a direct role of NF-Y in regulating the basal transcription of AKR1C1 gene in human ovarian, lung and liver carcinoma cells.
Effect of cisplatin on the activity of the AKR1C1 proximal promoter
We have previously demonstrated (Deng et al., 2002) (Fig.  7C ). In addition, cisplatin treatment, while inducing the activity of the Mut2 pAKR1C1 −180/ +59 constructs and Mut3 pAKR1C1 −180/+59 (2-fold), failed to induce the activity of the Mut1 pAKR1C1 −180/+59 construct in the 2008 cells (Fig. 7A) . In contrast, treatment of 2008/ C13* cells with cisplatin did not cause any significant alteration in luciferase activity of either pAKR1C1 promoter construct (Fig. 7B) . Similarly, treatment with cisplatin did not induce any significant alteration in the AKR1C1 transcription in the human lung and liver cancer cells (unpublished observation). Moreover, there was no increase in AKR1C1 proximal promoter activity in cisplatin-treated H23 lung adenocarcinoma cells upon overexpression of NF-YA, -YB and -YC (Fig. 7D) . These results suggest that the transcriptional element present in the proximal promoter region (viz., NF-Y binding sites) is sufficient to drive the constitutive as well as inducible transcription of AKR1C1 gene in cisplatin-sensitive human ovarian carcinoma cells (2008) 
DISCUSSION
AKR1C1 (also referred to as 20α-hydroxysteroid dehydrogenase (20 α-HSD), dihydrodiol dehydrogenase 1 (DDH1)) is a member of aldoketo reductase (AKR) family of enzymes involved in progesterone metabolism (Higaki et al., 2002) . The AKR1C family of aldo-keto reductases consist of four isoforms, AKR1C1-AKR1C4, while the other members of AKR are aldehyde reductase (AKR1A1), aldose reductase (AKR1B1 and AKR1B10), steroid 5β-reductase (AKR1D1), and aflatoxin aldehyde reductase (AKR7A1 and AKR7A2) (Hyndman et al., 2003) . AKR1C3 (type II AKR1C) promoter analysis has indicated the presence of positive and negative cis-acting regulatory elements such as NF-IL6, HNF-5, AP-1, AP-2 and NFκB that were thought to be involved in constitutive and inducible transcription of human AKR1C3 gene promoter (Ciaccio et al., 1996) . Further studies have identified the essential role of the NF-1 transcription factor in regulating the basal as well as induced transcription of rat AKR1C9 gene; a human AKR1C1 gene homolog (Hung and Penning, 1999) . Functional analysis of rat 3α-HSD/DD gene (homologous to the human AKR1C2 gene) demonstrated the importance the Oct-1 transcription factor in the control of its transcription in HepG2 cells (Lin and Penning, 1995) . Furthermore, in HepG2 cells, a co-operative regulation of the AKR1C4 gene transcription by the hepatocyte nuclear factor (HNF)-4α/β and HNF-1α has been demonstrated (Ozeki et al., 2001 ). However, the transcriptional elements that control the transcription of the human AKR1C1 gene remain uncharacterized. Thus, in the present study, we have functionally characterized the human AKR1C1 gene basal proximal promoter and provide evidence of the role of the CCAAT binding protein, NF-Y, in the basal regulation of the AKR1C1 gene in human ovarian, lung and liver carcinoma cells Nucleotide sequencing of the BAC clone RP-379P14 (GenBank Accession No. AB032150), which carries the 5' flanking region of the human AKR1C1 gene promoter, identified the presence of a TATA box and several putative transcription factor(s) binding sites (Fig. 1A) upstream of the putative transcription start site of the human AKR1C1 gene. The promoters of the AKR family of genes differ in the presence/absence of a TATA box; AKR1C2, AKR1C4, AKR1B1 (aldose reductase), and AKR7A1 (aflatoxin aldehyde reductase) have a TATA box upstream of the transcription start site (Lou et al., 2006; Wang et al., 1993) whereas, the type II 3α-HSD (AKR1C3), AKR1B10 and AKR1A1 (aldehyde reductase) have TATA-less promoters (Ciaccio et al., 1996; Barski et al., 1999; Lie et al., 2009) . Sequential deletion and functional analysis of an approximately 3000 bp 5' flanking region of AKR1C1 gene promoter led us to identify the DNA construct pAKR1C1 −128/+59 as being essential for the basal transcription of AKR1C1 gene in human liver, ovarian and lung carcinoma cells (Fig. 1B and Table 1 ). The AKR1C1 gene shares 98% sequence homology with AKR1C2 gene and a previous study has demonstrated that the region between −117 to −33 of the 5' flanking region of AKR1C2 proximal promoter was essential for its transcription in HepG2 cells (Lou et al., 2006) . Transcription factor binding sites for C/EBPβ and AP-1 were identified in this region of the AKR1C2 proximal promoter (Lou et al., 2006) . In the case of the human AKR1C1 gene, computational analysis indicated the presence of tandem binding sites for Sp1, NF-Y, C/EBP, p40x and USF transcription factors in the minimal proximal promoter region (−128/+59). Utilizing site-directed mutagenesis, point mutations were introduced in the pAKR1C1 −180/ +59 construct at the consensus binding sites for the transcription factor(s) NF-Y/CEBP (Mut1 pAKR1C1 −180/+59), p40X/USF (Mut2 pAKR1C1 −180/+59) and Sp1 (Mut3 pAKR1C1 −180/+59). Mutation of the NF-Y/CEBP transcription factor binding site resulted in a 4-to 12-fold decrease in AKR1C1 basal transcription in the human ovarian, lung and liver carcinoma cells, while mutation in the p40X/USF and the Sp1 binding sites did not affect the AKR1C1 transcription in any of the cell lines (Fig. 2B-F) . These results clearly demonstrate that the tandem binding site for NF-Y and C/EBP is essential for regulating the basal transcription of AKR1C1 gene in human ovarian, lung and liver carcinoma cells. However, in a methotrexateresistant colon carcinoma cell line, Selga et al., (2008) have demonstrated that the Sp1 binding domain in the human AKR1C1 gene promoter region between −88 to −80 is important for its basal transcription. Thus, it is possible that, based on cell type, different regions of the AKR1C1 gene differentially regulate its basal transcription.
Further corroboration of the importance of NF-Y in controlling the basal transcription of the AKR1C1 gene was obtained using EMSA studies. Our data from gel shift analysis indicate that the nuclear factor for Y box (NF-Y) consensus sequence (containing the CCAAT box) specifically competed for nuclear protein binding with the WT AKR1C1 promoter fragment, −120 to −91 (nuclear extracts were obtained from 2008, 2008/C13*, H23, A549 and HepG2 cells) (Fig. 3A -E) . However, competition with consensus oligonucleotides for Sp1, C/EBP and NF-1 binding sites did not abolish this protein-DNA complex formation. Specificity of the binding was demonstrated by utilizing a CCAAT binding sequence mutant oligonucleotide (−120 to −91) that did not decrease the formation of protein-DNA nuclear complex observed with the WT probe. The CCAAT-binding proteins include NF-Y, C/EBP and NF-1, binding sites which are present in most of the eukaryotic promoters (Bucher, 1990) . Thirty percent of eukaryotic promoters carry the binding site for CCAAT box either in forward or reverse orientation within −60 to −100 nucleotides from the transcription start site (Su et al., 2006) . In the present study, the CCAAT box was present in the reverse orientation in the region between −109 to −105 of the human AKR1C1 gene promoter. Supershift analysis with anti-NF-YA, anti-NF-YB and anti-NF-YC antibody confirmed the presence of the NF-Y transcription factor in the protein-DNA nuclear complex (Fig. 4A -E) . ChIP analysis further confirmed the in vivo association between NF-Y and the AKR1C1 gene promoter in human ovarian (2008, 2008/ C13*) , lung (H23, A549) and liver (HepG2) cells was observed (Fig. 5) . These results further strengthen the notion that the NF-Y transcription factor regulates the basal transcription of human AKR1C1 gene in human ovarian, lung and liver carcinoma cells.
NF-Y is a ubiquitous transcription factor involved in both constitutive and inducible transcription of various promoters harboring the CCAAT box (Sun et al., 2009; Kabe et al., 2005) . The consensus sequence recognized by NF-Y is the 5'-CTGATTGGTTRR-3' or 5'-YYRRCCAATCAG-3' (Matuoka and Chen, 1999; Mantovani, 1998 , Bi et al., 1997 . Biochemical analysis reveals that NF-Y is a heterotrimeric protein consisting of subunits A, B and C. The binding of NF-YA to its consensus region requires the prior formation of a NF-YB:NF-YC protein complex sometimes referred to as the "handshake motif" (Caretti et al., 1999) .The role of NF-Y in promoter regulation was first studied in MHC class II conserved Y box in Ea gene (Dorn et al., 1987) . Subsequently, several other proximal promoters regulated by NF-Y binding were identified including the yeast USAS gene, α2(I) collagen gene, α1(I) collagen gene, human multidrug resistant gene (mdr1), rat liver S14 gene, phospholipid hydroperoxide glutathione peroxidase gene, human α1(XI) collage gene (COL11A1) and fibroblast growth factor receptor 2(FGFR2) (Sun et al., 2009; Goldsmith et al., 1993; Jump et al., 1997; Huang et al., 1999; Matsuo et al., 2003) . Overall, our data from site-directed mutagenesis, EMSA, gel-supershift and ChIP analysis suggests that the core CCAAT pentanucleotide motif in the AKR1C1 gene promoter is sufficient for NF-Y binding leading to the activation of AKR1C1 gene transcription.
We also assessed the direct functional response of NF-Y in regulating the basal transcription of AKR1C1 gene promoter. Overexpression of NF-Y's significantly increased the basal AKR1C1 gene transcription in all cell lines studied (Fig. 6A) . Similarly, overexpression of NF-Y cDNA was found to increase the promoter activity of mouse gonadotropin releasing hormone receptor (GnRHR) and mouse proline-rich nuclear receptor coactivator 2 (PNRC2) gene (Kam et al., 2005; Zhou et al., 2005) . In contrast, overexpression of NF-Y cDNA was found to repress the promoter activity of human PNRC2 gene (Zhang et al., 2008) . In our study, expression of a dominant-negative NF-YA mutant (Mantovani et al., 1994) repressed the human AKR1C1 gene promoter activity (Fig. 6B) . Various other authors have also observed a decrease in promoter activity of the target gene upon co-expression with the dominantnegative NF-YA mutant (Lamb et al., 1997; Liu et al., 1997; Sugiura and Takishima, 2000; Kam et al., 2005; Wageningen et al., 2008) .
We also assessed the importance of the basal proximal promoter region of the AKR1C1 gene in controlling its transcription upon treatment with the anticancer drug cisplatin. Exposure of the human ovarian carcinoma cells (2008) to cisplatin, led to a two fold increase in basal and induced AKR1C1 transcription compared to the untreated cells ( Fig. 7A and 7C) . (Fig. 7D) and A549 or the human hepatoblastoma cells (unpublished data). However, these results compare well with our previous observations, wherein the expression of the AKR1C1 and AKR1C2 mRNA was found to be increased in a cisplatindependent manner only in the 2008 cells but not in the 2008/C13* cells (Deng et al., 2002) . (Fig. 6C) . In contrast, si-RNA mediated knockdown of NF-YA decreased the expression of AKR1C1 mRNA in the 2008 cells (Fig. 6D) .
Thus, functional analysis, site-directed mutagenesis studies, EMSA, gel-shift assays, ChIP, ectopic expression analysis and siRNA studies lead us to conclude that the transcription factor NF-Y is sufficient and necessary for regulating the constitutive transcription of AKR1C1 gene in human ovarian, lung and liver carcinoma cells while the involvement of NF-Y in cisplatininduced AKR1C1 transcription is cell-type dependant. ) and assayed for luciferase activity after 48h as described in Table 1 . Transfection efficiency was normalized by co-transfection with pRL-SV40 (Renilla expression vector). The mean ± S.D are from three different experiments, each experiment performed in triplicate (***p<0.001, **p<0.01, *p<0.05 with pAKR1C1 −180/+59 compared to the control pGL3 Basic vector and Mut1 compared to pAKR1C1 −180/+59 wild-type construct). Five hundred picomoles of NF-YA siRNA or siRNA-scramble as the negative control. Twenty four hours after transfection RNA was isolated and the expression of AKR1C1 mRNA was assayed using real-time RT-PCR. Each experiment was performed in duplicates and repeated at least two times. Identification of the human AKR1C1 basal proximal promoter. GAPDH-Glyceraldehyde-6-phosphate dehydrogenase; AKR1C1-Aldo keto-reductase 1C1; NF-YA-Nuclear factor Y alpha. The PCR was performed with an initial denaturation at 95°C for 15 mins, followed by 45 cycles of 94°C for 15 s, annealing for 30s and extension at 72°C for 30s.
Abbreviations used
